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Ascidian larvae develop after an invariant pattern of embryonic cleavage. Fewer than 400 cells constitute the larval central nervous system
(CNS), which forms without either extensive migration or cell death. We catalogue the mitotic history of these cells in Ciona intestinalis,
using confocal microscopy of whole-mount embryos at stages from neurulation until hatching. The positions of cells contributing to the CNS
were reconstructed from confocal image stacks of embryonic nuclei, and maps of successive stages were used to chart the mitotic descent,
thereby creating a cell lineage for each cell. The entire CNS is formed from 10th- to 14th-generation cells. Although minor differences exist
in cell position, lineage is invariant in cells derived from A-line blastomeres, which form the caudal nerve cord and visceral ganglion. We
document the lineage of five pairs of presumed motor neurons within the visceral ganglion: one pair arises from A/A10.57, and four from
progeny of A/A9.30. The remaining cells of the visceral ganglion are in their 13th and 14th generations at hatching, with most mitotic activity
ceasing around 85% of embryonic development. Of the approximately 330 larval cells previously reported in the CNS of Ciona, we
document the lineage of 226 that derive predominantly from A-line blastomeres.
D 2004 Elsevier Inc. All rights reserved.Keywords: Cell lineage; Apoptosis; Neurulation; Cell migration; Motor neurons; Neural plate; Ascidian A-line blastomeresIntroduction
Many features arose early in the evolution of the chordate
lineage that have survived in representatives of its sister
group the urochordates, especially in the larval stage of the
life cycle. One chordate character of particular interest is the
dorsal tubular nervous system, which in the ascidian embryo
derives from the rolling of a flat neural plate into a hollow
neural tube (Berrill, 1950; Katz, 1983; Kowalewsky, 1866;
Nicol and Meinertzhagen, 1988a; Nishida, 1986), in a
manner resembling that seen in amphibian embryos and
thus closely conserved during vertebrate neurogenesis.
In the ascidian Ciona intestinalis (or common sea squirt),
the central nervous system (CNS) is composed of fewer than
400 cells, and forms without extensive cell migration or cell
death (Nicol, 1987; Nicol and Meinertzhagen, 1991). With
their chordate affinities, ascidian larvae have been widely
called prototypes of vertebrate neurogenesis (Okamura et0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.04.001
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E-mail address: iam@dal.ca (I.A. Meinertzhagen).al., 1993), and the propitious features of the ascidian larval
nervous system have been recently summarized (Meinertz-
hagen and Okamura, 2001; Meinertzhagen et al., 2004).
With the release of its draft genome (Dehal et al., 2002), C.
intestinalis is rapidly securing a position as a model genetic
organism (Satoh et al., 2003) and numerous genes specific
to the nervous system have already been characterized
(Mochizuki et al., 2003).
To exploit fully the new opportunities provided by C.
intestinalis, detailed studies are needed to provide a strong
morphological foundation upon which new molecular data
can be interpreted. That morphological foundation relies
upon the possibility of establishing detailed cell maps, within
which each cell is recognized either as an individual or as
one member of a small group. Just as in the soil nematode
Caenorhabditis elegans, in which cell lineage is known for
every somatic cell in the animal (Sulston and Horvitz, 1977;
Sulston et al., 1983), ascidian embryos also show an invari-
ant pattern of early cleavage. Unlike nematodes such as C.
elegans, however, the pattern of cleavage has been highly
conserved in different ascidian embryos (Lemaire and Mar-
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to identify every cell in the resultant tadpole larva through its
mitotic descent from the fertilized embryo.
Injections of a lineage tracer into 8th-generation blasto-
meres in Halocynthia roretzi embryos have yielded a clonal
analysis of cell fate among the progeny of early blastomeres
(Nishida, 1987). From this work, it is now well established
that the two posterior-most regions of the larval CNS, the
caudal nerve cord and the visceral ganglion, derive from A-
line blastomeres of the neural plate (Nishida, 1987). Cells
derived from the medial regions of the neural plate come to
occupy ventral parts of the resulting neural tube, whereas
lateral neural plate cells form dorsal portions of the neural
tube. These lateral cells are supplemented by b-line blasto-
meres recruited to the neural plate, as reported by both
Nishida (1987) and Nicol and Meinertzhagen (1988b). The
third, larger region of the CNS, the anterior-most sensory
vesicle, derives from progeny of the a-line blastomeres of
the neural plate (Nishida, 1987). The exact border between
a- and A-line blastomere progeny in the larval CNS is not
yet clearly established, however.
Despite its conceptual elegance, cell lineage analysis by
injecting tracer molecules does not yield sufficient informa-
tion to build detailed maps of mitotic descent (cell lineage
trees) for each cell individually, like those existing for C.
elegans. Both C. elegans and ascidian embryos have pat-
terns of early cleavage of such invariance that blastomere
divisions can be followed through successive stages from
fixed specimens. This method of cell lineage documentation
requires that all cells can be accounted for, including those
that may migrate away from the site of their origin, and
those that may undergo apoptosis. Cell lineage studies based
upon analysis of consecutive embryonic stages were used in
ascidians by Conklin (1905) for Cynthia (Styela) partita,
and later applied to scanning electron micrographs of other
ascidian species, H. roretzi (Nishida, 1986; Satoh, 1979) and
C. intestinalis (Nicol and Meinertzhagen, 1988a). Nicol and
Meinertzhagen (1988b) extended this type of analysis fur-
ther to the cells of the neural plate in C. intestinalis, after
these commenced neurulation and sank beneath the surface
of the embryo, using cell maps reconstructed from serially
sectioned embryos. Their study only followed the cells until
the 11th generation, however, so that the lineage of CNS
cells in the larva remains incompletely charted.
Cell lineage can determine cell fate in one of two ways.
Differential partitioning of preexisting determinants at each
mitotic event means that the daughter cells of any given
division inherit different complements of such factors, and
are thus endowed with different developmental potentials.
This relationship, ‘typological’ (Stent, 1985), differs from a
second, quite distinct, role of cell lineage in determining the
final position of a cell in relation to other cell types. In that
case, ‘typographical’ (Stent, 1985), the lineage of a cell
determines its neighbors, and thereby the cell interactions
that determine fate. The relationship between the lineage of
a cell and its subsequent developmental fate is thus complex(Lawrence and Gardner, 1985; Moody, 1999). The estab-
lishment of this relationship for the progeny of ascidian
blastomeres first requires the definition of the complete
lineage of all cell types. Conklin (1905) first recognized
this clearly for the embryos of ascidians, in an approach
resumed here, nearly a century later. To investigate the cell
lineage of the CNS, nuclei of cells forming the CNS have
been followed from neurulation until hatching in a series of
fixed embryos at successive stages. Confirming previous
arithmetic predictions for the CNS (Bollner and Meinertz-
hagen, 1993; Nicol and Meinertzhagen, 1988b), recent
studies indicate that apoptosis is absent in the embryonic
stages of ascidian development (Chambon et al., 2002). To
confirm that cells were not lost during our record either, we
have further investigated the existence of apoptosis within
the development of larval C. intestinalis. Detailed cell maps
of the nervous system have been developed to follow the
mitotic history of cells in the CNS, and the careful account-
ing of their numbers has been used to confirm that cells do
not migrate away from the regions, and during the period, of
our analysis.Materials and methods
Animals and fertilizations
Fertile adult C. intestinalis were purchased from the
Marine Biological Laboratory, Woods Hole, MA, and
housed in a circulating seawater aquarium under constant
illumination (Costello and Henley, 1971). To ensure an
ample supply of fertilized embryos, gametes were collected
by dissecting the gonadal ducts from a minimum of three
adults for each embryo culture.
Once collected, gametes were mixed in standard 15-mm
plastic Petri dishes, which were then floated on the surface
of a water bath at 15jC (F 1jC) throughout the period of
development. Embryos were collected from cultures at 20-
min intervals, beginning at 12 h after fertilization and
continuing until hatching (at approximately 24 h). To obtain
metamorphosing larvae for the control group in apoptosis
studies, larvae were kept in culture for an additional 2 days
after hatching, at which point resorption of the tail occurred.
Embryos were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) at 4jC overnight and stored at 4jC in
PBS after fixation.
Embryos were examined during the second half of
embryonic development, from stage E50 (50% of embryo-
logical development) until hatching (100% of embryological
development). For each collection time, batches of embryos
were assigned to one of a series of equally spaced devel-
opmental stages in 5% increments, according to the per-
centage of developmental time elapsed and the elongation of
the tail (Cole and Meinertzhagen, 2001). Each 5% unit of
development thus lasted about 1.2 h and included three or
four sampled times.
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All embryos from which images were collected were de-
chorionated using tungsten needles manually sharpened
with a sharpening stone and mounted in needle holders.
De-chorionated embryos were incubated in 4% Triton X-
100 to permeabilize the tissues. They were then stained
overnight at 4jC in a 0.1% solution of BOBO-3 (catalogue
no. B-3586, Molecular Probes, Eugene, OR) in 4% PBS-T,
washed in PBS, and then mounted in glycerol beneath an
ultrathin 00 coverglass supported by spacers of 01 cover-
glass. Embryos were imaged with a Zeiss LSM410 confocal
microscope using a 40 /1.3 Plan Neofluar oil immersion
objective. BOBO-3 was selected from several nucleic acid
stains because it offered the best combination of: excitation
and emission wavelengths (570 and 604 nm, respectively);
the ability to withstand multiple confocal scans without
bleaching; and sufficient intensity of fluorescence emission
to collect confocal images from nuclei to a depth of 150 Am.
TUNEL labeling
To investigate the possibility of apoptosis, embryos were
processed through a TdT mediated nick-end labeling
(TUNEL) reaction (Gavrieli et al., 1992). Embryos wereFig. 1. Methods used to record positions of cells within the neural tube. Cells of t
their progenitors within the neural tube: dorsal, ventral, and right or left lateral. (a)
is to the left. A single profile of each labeled nucleus within the CNS is designated
lateral; dark blue, ventral. The portion of the image stack that is re-sectioned in b
verify that the labeled cells do not fall outside the boundary of the neural tube. The
axis. Dorsal is to the top. (c–e) Color-coded nuclear labels projected at different
section plane; (d) rotated 45j from original; (e) rotated 90j from original, showin
figures.pretreated with Proteinase K and incubated at 37jC for 1 h in
the reaction mixture (Promega apoptosis detection system,
Fluorescein), containing 10% fluorescein-12-dUTP and 2%
Terminal deoxynucleotidyl Transferase (TdT) enzyme in
equilibration buffer. TUNEL labeled embryos were then
counterstained following the BOBO-3 protocol (as above).
Image manipulation
For further analysis of cell lineage, three-dimensional
digital image stacks were imported into software (NIH
Image, v. 1.41) run on a Macintosh G3 computer. Nuclei
of the cells which constitute the CNS were identified both
by their location within the developing embryo and by their
cytoplasmic staining properties. Once identified, cells of the
developing nervous system were manually marked within
the image stacks with a pseudo-colored disc (NIH Image, v.
1.41), color-coded for the location of the cell with respect to
the dorsoventral (DV) and mediolateral axes of the devel-
oping embryo. Once labeled, these discs were then used to
represent the positions of all cells and were projected
interactively to convey the three-dimensional cellular com-
position of the nervous system from any angle (Fig. 1). The
location and timing of cell divisions were recorded and
incorporated into lineage records for each of the cellhe CNS are assigned to one of four populations based upon the position of
Three consecutive 2-Am confocal image sections of an E70 embryo; anterior
with a color-coded disc: yellow, dorsal; purple, left lateral; light blue, right
is outlined in the first image. (b) Image stack re-sectioned in NIH Image to
virtual sections appear compressed because of a software limitation in the Z-
angles to convey their relative positions in three dimensions. (c) Original
g the discs edge-on. Scale bar represents 10 Am in this and all subsequent
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of mitotic activity for each. Such records were then com-
piled into a lineage tree.
For the final presentation of CNS cell maps, image stacks
manipulated in NIH-Image were imported into a worksta-
tion running computer three-dimensional software (ICAR:
ISG Technologies, Inc.) to reconstruct the position of the
nuclear pseudo-colored discs in three-dimensional space.Results
To follow the lineage of all cells, we had first to be sure
that during the entire period of the mitotic record there was
neither cell death nor cell migration, both of which would
have removed cells from the record. We first distinguished
between these two sources of loss by seeking instances of
apoptosis using TUNEL labeling of our embryonic stages.
Subsequently, we could confirm that cells are not lost by
migration by a scrupulous census of the total numbers of
cells at each stage.
Apoptosis
To confirm the absence of apoptosis, which would
compound the difficulties of tracing individual cells from
a series of fixed embryos, a developmental series was
processed for the TUNEL reaction to determine if apoptosis
occurred during embryogenesis of the same batches of C.
intestinalis embryos from which our mitotic record is
drawn. Given that apoptosis plays a major role in tail
resorption during metamorphosis (Chambon et al., 2002),
larvae undergoing metamorphosis were also labeled as a
positive control. One of the hallmarks of cell death is the
enzymatic splicing of nuclear DNA, which is detected by
the TUNEL reaction, a widely accepted diagnosis of apo-
ptotic cells (Sanders and Wride, 1995). Metamorphic larvae
exhibited positive labeling in a wide number of tissues
(Figs. 2a–e), marking the transition between larval and
adult body forms. Although there was some apoptosis in
mesenchymal cells of the trunk in the swimming larva 12
h post-hatching (Figs. 2f– i), there was no evidence of
apoptosis within the nervous system, and surprisingly, no
evidence of TUNEL-positive cells in any other tissue
throughout embryogenesis. In total, more than 240 embryos
were processed and imaged by confocal microscopy, with
no TUNEL labeling observed in embryos at any stage (Fig.
2j). Consistent with the results of Chambon et al. (2002),
apoptosis was found within the test cells in both normal
(data not shown) and abnormally developing embryos (Figs.
2l, m). We can be sure that the lack of embryo labeling does
not reflect the inadequate penetration of TUNEL reagents
because positive TUNEL labeling was found in cells of
abnormally developing embryos that resulted when we
produced embryos from gametes obtained at the end of
the breeding season and in which development was abnor-mal (Figs. 2k–m). Moreover, in normal embryos, in which
TUNEL labeling was absent, the BOBO-3 probe labeled
nuclei located at the center of the embryo, indicating that
this reagent at least was able to penetrate deep into the
embryo (Fig. 2j).
Nomenclature of cells in the neural tube
To trace the mitotic history of the cells that would come
to constitute the CNS of the final larva, we created whole-
mount images of the nuclei of all cells of the embryo from
confocal image scans of embryos stained with BOBO-3. For
the purposes of keeping track of all cells, stained nuclei
were labeled numerically after first establishing their posi-
tions within the neural tube. In the early neural tube, Nicol
and Meinertzhagen (1988b) separated cells into four sub-
populations according to their initial positions within the
developing tube’s cross section: dorsal capstone cells, ven-
tral keel cells, and left and right lateral cells. This catego-
rization has been retained for the presentation of our data
because it helps to track cells throughout the entire period of
development, from the first half of embryogenesis covered
by the cell maps presented by Nicol and Meinertzhagen
(1988b), into the second half of embryogenesis examined in
this study. We have accomplished the somewhat difficult
task of matching the cells seen here in three-dimensional
maps of tailbud embryos, with the planar cell maps gener-
ated by Nicol and Meinertzhagen (1988b) from manual
reconstructions, and have thus completed the mitotic histo-
ries for many of the cells of the neural plate. Although a
high degree of accuracy was obtained by the descriptive
mapping methods of Nicol and Meinertzhagen (1988b), we
found minor errors that required correction. These evidently
arose in the earlier study because of a failure to detect when
cells become post-mitotic, and concerned the matching of
sibling cells after their division. In the first clear example,
cells 3/13 in Nicol and Meinertzhagen (1988b) were never
seen to divide in the current study, even when we applied
our methods to earlier stages corresponding to times before
and after the time at which this division was reported to
occur. This initial error lead Nicol and Meinertzhagen
(1988b) to mislabel cells in all subsequent cell maps, as a
result of which two cells derived from the medial region of
the neural plate (their 23/25) were reported to incorporate
into the lateral rows of cells, whereas we find, by contrast,
that these two cells form part of the ventral keel cell
population. Taking these factors into account allows us to
identify the neural plate origin of the cells identified in the
present study (Fig. 3), and thus to complete cell lineage trees
for many cells of the CNS. Four cells (progeny of A/A
10.63) that form the caudal-most tip of the neural tube
migrated to lie ventral to the notochord (data not shown) and
so are not followed further in this study.
The system for numerical identification developed by
Nicol and Meinertzhagen (1988b), which relates cells to
their original position in the neural plate, has been aban-
Fig. 2. Programmed cell death visualized with TUNEL (green) and BOBO-3 nuclear staining (red). TUNEL labeling appears yellow because it overlaps with
BOBO-3 staining. (a–e) Apoptosis in metamorphic larva. (a) Confocal projection of a whole-mounted metamorphic larva showing numerous TUNEL-positive
cells (yellow), many of which are clustered in the vicinity of the sensory vesicle (box). (b) Single optical section through the level of the sensory vesicle, also
showing muscle cells (m), and notochord (n) of the larval tail. (c–e) Enlarged view of the boxed region in b showing four TUNEL-positive cells (arrows)
surrounding the pigmented otolith (*). (c) Merged double-label image; (d) nuclear BOBO-3 stain; (e) corresponding TUNEL label. (f – i) Apoptosis in
12-h post-hatching larvae. (f) Differential interference contrast image of the larval trunk and proximal tail, at the level of the sensory vesicle (sv) and notochord
(n). (g) Light micrograph of the same larva as in f, double-labeled with BOBO-3 and TUNEL, viewed through a green cut-off filter to show TUNEL labeling.
Three TUNEL-positive cells appear in the mesenchyme overlying the sensory vesicle with the pigmented sensory organs (*). (h) Single confocal section of the
same larva as in f and g showing the same three TUNEL-positive cells to confirm that they lie outside the sensory vesicle (sv). (i) Additional mesenchymal
cells at a different focal plane are also TUNEL-positive (arrows). (j) Series of light micrographs of BOBO-3/TUNEL labeled, de-chorionated embryos, viewed
through a green cut-off filter to show TUNEL labeling. Shown are embryos from E55 through to E95, just before hatching. No TUNEL-positive cells are seen
during normal embryogenesis. A single confocal section of the E70 embryo is included to illustrate the penetration of reagents throughout the embryo. m,
muscle cells of the tail; n, notochord; e, endoderm; sv, sensory vesicle. (k–m) Aged gametes sometimes give rise to nonviable embryos, in which cells are
TUNEL-positive. (k) TUNEL-positive cells of an abnormal embryo (arrows). (l) Confocal image stack projection showing TUNEL-positive cells (yellow)
created from a similar embryo to that seen in k with an intact chorion (*). (m) A single confocal image from the embryo shown in l.
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the widely used alphanumeric system of Conklin (1905).
This has been adapted to the linear shape of the neural tube
and its canonical cross section of four cells in that, with each
successive division, the posterior daughter cell is designated
by an odd number in the next generation. Thus, A11.126 is
an 11th-generation cell derived from the vegetal A-line and
its progeny are two cells A12.251 and A12.252 (posterior
and anterior, respectively).
The ascidian tadpole larva is bilaterally symmetrical, and
so are the divisions of its neural plate cells in the embryo. To
avoid redundancy, the lateral cells are therefore reported
only from the left side. Left–right cell homologues remain
synchronized in their divisions, within 20-min intervals
throughout development. Unless otherwise stated,
corresponding right-hand cells follow the same spatiotem-
poral patterns of division as their left-hand partners, whichwe report. However, both the dorsal and ventral cells in the
neural tube arise when the right and left sides of the original
neural plate interdigitate their positions to lie one anterior to
the other, the dorsal cells having first abutted after the neural
plate rolls up (Nicol and Meinertzhagen, 1988a,b). They are
therefore considered here together, regardless of their left/
right origin.
Cell lineage of the neural tube through the tailbud stage
A previous study on the development of the larval CNS
was based on analysis of a single embryo at each stage
(Nicol and Meinertzhagen, 1988b). In the present study, by
contrast, we have compiled and summarized descriptions of
mitotic events from analysis of many embryos for each
developmental stage. For each time period, as many as 10
and no fewer than 3 embryos were analyzed in detail. Many
Fig. 3. Cells followed in this study were matched with those of the neural plate by comparing BOBO-3 nuclear maps produced here with cell maps presented in
Nicol and Meinertzhagen (1988b). Cells of the neural plate, as represented in Nicol and Meinertzhagen (1988b), are illustrated here schematically in an
arrangement that depicts all cells in their 10th generation, although in reality these are generated in embryos between the ages of about E40–E55. The top row
is anterior. Cells are labeled both according to Conklin’s nomenclature, indicating the A- or a-lineage blastomere origin of each cell, and with the nomenclature
employed in Nicol and Meinertzhagen (1988b). The pigment cells (filled cells: Ot/Oc) are shown in this study to be already post-mitotic, as are cells that are
enclosed by thick black lines. Note the left – right symmetry of cells at this stage. Four cells of the two most posterior rows, in dotted outlines, have non-neural
(muscle) fates, and cells forming the dorsal portions of the neural tube derive from b-line cells recruited from outside the neural plate.
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particular stage because they stain differentially when the
cell becomes post-mitotic (Fig. 4). These cells serve as
valuable landmarks relative to which other cells can beFig. 4. Confocal images of a stage E60 embryo stained with BOBO-3, illustrating
of the notochord and muscle cells are post-mitotic (arrowheads), as are the interna
and A11.118 (L118). (a) Longitudinal section through the left side of an embryo
completed its division into the 12th generation on this side, dividing along the AP
embryo as in a, in a focal plane containing cells A10:57 and A11:117. A11:119
(prophase). Note the different nuclear staining patterns of cells in the three stages omapped, and thus will be mentioned throughout the follow-
ing lineage description. They are summarized in Table 1.
The lineage record we have obtained is long and detailed,
and to orient the reader the main features of this record arethe differential staining patterns of nuclei in 2-Am confocal sections. Nuclei
l caudal lateral landmark cells of the CNS, A10.57 (L57), A11.117 (L117),
in a focal plane containing cells A11.117 and A11.118. A11.119 has just
axis (anaphase). (b) Longitudinal section through the right side of the same
is undergoing chromatin condensation, indicating an impending division
f the cell cycle: interphase, mitosis (anaphase, prophase), and post-mitotic.
Table 1
Pairs of early post-mitotic landmark cells in the developing neural tube of
Ciona
Landmark
cell
First
appears
Location Comments
a/a10.97 E55 sensory vesicle sinks internally,
produces pigment
a/a10.102 E65 sensory vesicle/
neurohypophysis
displaced laterally
A/A10.57 E50 visceral ganglion displaced laterally,
adjacent to tip of
the muscle bands
a/a10.67,
10.68
E50 sensory vesicle
A/A11.117,
11.118
E60 visceral ganglion displaced laterally
A/A12.239 E70 visceral ganglion displaced laterally
A/A13.474 E85 visceral ganglion displaced laterally
A/A10.27,
A/A10.28
E55 sensory vesicle ventral-most cells
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ation b-line dorsal cells divide twice, giving rise to 32 cells
lining the dorsal surface of the late neural tube (Fig. 6a). The
eight progeny of the anterior-most of these cells (cells b/b
12.301–304) are incorporated into the forming sensory
vesicle, whereas 16 of the cells derived from the posteri-
or-most b-line progeny line the larval caudal nerve cord
(cells b/b 12.289–12.296). The remaining eight cells in
between are located within the visceral ganglion (cells b/b
12.297–300).
The four caudal-most 11th-generation lateral cells,
A11.126, A11.127, A11.128, and A11.115, divide three
times to give rise to 32 14th-generation cells which come
to lie within the caudal nerve cord leading into the visceral
ganglion (Fig. 6b). Cells within the prospective sensory
vesicle predominantly divide along the dorsoventral (DV)
axis, and most lateral cells in this region cease division as
13th-generation cells (Fig. 6c). Cells derived from A11.62,
A11.63, and A11.64 incorporate into the posterior sensory
vesicle, altering their division plane from anteroposterior
(AP) to divide along the DV axis (Fig. 6d). The remaining
18 caudal cells eventually contribute to the visceral ganglion
and are in their 13th generation, with the exception of four
cells that become post-mitotic in their 10th (1), 11th (2), or
12th (1) generation (Fig. 6b).
Cells lining the ventral portion of the neural tube are
derived from both mid-line neural plate cells and the cells
lateral to these (Fig. 6d). The four mid-line cells, A/A10.25
and 10.26, divide once and thus are in their 11th gener-
ation at hatching, whereas the remaining four ventral cells,
A/A10.29 and 10.30, divide twice, bringing them into their
12th generation. The four anterior-most A-line cells, A/A
10.27 and 10.28, cease mitotic activity in their 10th
generation. These four cells and the four 11th-generation
progeny of A/A10.26, along with the anterior-most two
12th-generation progeny of the bilateral cell pair A/A11.60,
incorporate into the sensory vesicle. The remaining 18cells line the ventral portion of the final caudal nerve cord
and visceral ganglion.
Within the densely populated presumptive sensory ves-
icle, we were unable to follow cells individually through to
the hatched larvae. We do, however, document several
early divisions in cells which we are certain come to
occupy the sensory vesicle and developing neurohypophy-
sis (Figs. 6c, e).
We describe these events in detail below and illustrate
them by an individual example examined from within
each time period. Because of the continuous nature of
development, however, no single example will illustrate
all the features that are observed in many embryos within
the corresponding period of time, which the reader should
bear in mind when comparing individual embryos with
the overall record of divisions within all embryos. For
ease of presentation in the following sections, cells
forming the dorsal, lateral, and ventral portions of the
neural tube’s cross section are listed separately, in that
order.
Stages E55–E60 (Fig. 7)
Dorsal cells
Cells forming the dorsal surface of the posterior neural
tube are derived from b-line blastomeres b/b8.19 (Nicol and
Meinertzhagen, 1988b; Nishida, 1987). These cells from the
lateral sides of the neural plate meet at the midline and
between stages E50 and E55 form a single row of eight cells,
by interdigitating their positions (‘shearing’) as previously
described (Nicol and Meinertzhagen, 1988b). The newly
derived 11th-generation progeny of cells b/b9.37 (b/b10.73
and b/b10.74) align along the AP axis, followed a short time
later by b10.75 and b/b10.76 (Figs. 7a, b). Between E55 and
E60, two cells (a/a10.97) are added anterior to the progeny
of the b-line cells. The two cells, which also meet at the
midline and shear their positions, are destined to become the
two sensory pigment cells, the otolith and the pigment cell of
the ocellus (Figs. 7a, b). The anterior partner of this pair
gives rise to the presumptive otolith pigment cell, whereas
the presumptive ocellus pigment cell derives from the
posterior cell, fate decisions that result from an interaction
between the two which occurs regardless of their left/right
origin (Satoh, 1994) and which involves an antagonism
between BMPb and CHORDIN (Darras and Nishida,
2001). These two cells are important landmark cells because
they are already post-mitotic at this stage and readily
identifiable from individual to individual. The pigment cells
mark the anterior boundary of the b-line-derived cells, as
well as indicating the region of the prospective sensory
vesicle.
Lateral cells
The lateral cells of the neural tube are aligned in an AP
row of 13 (Figs. 7c, d) shown previously to be progeny of
blastomeres A/A 9.16, 9.29, 9.30, and 9.32 (Nicol and
Fig. 5. Schematic illustration of CNS development in Ciona as defined by the mitotic history of its cells. Complete rounds of cell division occur from one stage
to the next within the stage intervals shown: E50–E55, E55–E60, E60–E75, and E75–E95. Black arrows in diagrams for stages E60–E75 and E75–E95
indicate the approximate boundary between the presumptive three regions of the CNS: sensory vesicle, visceral ganglion, and caudal nerve cord. Anterior is to
the left. Cell nuclei that constitute the dorsal, lateral, and ventral portions of the neural tube are depicted in the three vertical columns of figures. Cells are
differentially shaded to help the reader follow progeny of individual cells to subsequent stages, with post-mitotic cells shown in black. Cell generation is
indicated during the first (E50–E55) and last (E75–E95) stage illustrated. Grey arrows shown in the dorsal column (E60–75) indicate shifts in landmark cell
positions seen during these stages.
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11.126–11.28, A/A11.115–11.120, and A/A11.61–11.64.
The exception to their linearity is provided by a 14th cell,
A/A10.57, which has terminated mitotic activity at this
stage and is displaced to one side of the row of other cells
(Fig. 7d), serving as the earliest landmark cell. A/A10.57
progressively shifts its position in an anterior direction
relative to neighboring cells, beginning as the second cell
of the lateral row at E50 (data not shown) but finishing
adjacent to the fourth cell. This displacement occurs as the
neural tube elongates under the influence of both the
expansion of the ventral cells and the overall changes in
cell morphology of the lateral cells (Nicol and Meinertz-
hagen, 1988b). As neurulation progresses, cells continue tobe added from the neural plate to the anterior end of the
row. In early E55 embryos (54–56% of development), the
10th-generation cells derived from a/a9.33 and a/a9.37 that
give rise to the lateral walls of the sensory vesicle (Nicol
and Meinertzhagen, 1988b) are fully incorporated into the
developing neural tube and begin to resume mitotic activ-
ity. These four cells, a10.65, a10.73, a10.66, and a10.74 in
sequence from posterior to anterior, divide, their progeny
aligning along the DV axis (Figs. 7c, d), to give rise to two
rows of cells at the anterior end of the row, instead of the
original one. This doubling of what had been a single row
of cells increases the diameter of the neural tube’s cross
section. Caudally, the divisions of cells A11.126–11.128
and A11.115 and 11.116 are oriented along the AP axis
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Fig. 6. Lineage trees for cells of the CNS. The timing of divisions is shown as a function of the series of embryonic developmental stages examined (E55–
E95), each of which is separated by approximately 1.2 h from the next. The lineage record before these derives from a previous study (Nicol and
Meinertzhagen, 1988b) and is not shown at the same time scale. Note that blastomere divisions at the beginning of the record are synchronous, but that
synchronicity is partially lost with later development. Hatched lines indicate cases in which cells were not traced individually throughout development. Post-
mitotic cells are shown as bold lines in the tree. The trees depict the mitotic descent of 326 cells, 64 cells in the neurohypophysis (nh) and anterior sensory
vesicle (sv), 120 cells in the sensory vesicle (sv), 47 cells in the visceral ganglion (vg), and 95 cells in the caudal nerve cord (cnc). Note, however, that the exact
demarcation of borders between these CNS structures is not entirely clear, and that the progeny of at least one division must be assigned to different structures
in order that a bilaterally symmetrical system of lineage can produce odd numbers of cells in the vg and cnc. Note also that the arrangement of branches reflects
the blastomere origins of the cells, and that except in a general way this does not correlate precisely with the AP sequence of cells within the final CNS. (a)
Cells contributing to the dorsal surface of the neural tube, derived from b/b8.19. (b) Cells forming the lateral portions of the neural tube, derived from A/A7.8.
(c) Ventral (a/a7.10) and lateral (a/a7.9) cells of the sensory vesicle, derived from a/a6.5. (d) Cells derived from A/A7.4, comprising lateral (A/A9.16) and ventral
(A/A9.15 and A/A8.7) portions of the neural tube. (e) Cells forming the remainder of the dorsal surface of the sensory vesicle, derived from a/a7.13.
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Fig. 6 (continued ).
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Fig. 7. Reconstructions of CNS nuclear positions in embryos at stage 55, generated from image stacks using software (ICAR). Dorsal (panels a, b), lateral
(panels c, d), and ventral (panels e, f) cells are shown from either a left lateral (panels a, c, e) or dorsal (panels b, d, f) view. The zone of neurulation is
outlined in a rectangle at the anterior end of the embryo. The anterior of the future larva is also to the left. Arrows indicate the approximate boundaries
between the three presumptive regions of the larval CNS, sensory vesicle, visceral ganglion, and caudal nerve cord, and open triangles indicate the
approximate boundary between the CNS and the future neurohypophysis. Cells discussed have nuclei highlighted in yellow; dividing nuclei are shown in
red; all other nuclei are blue. M, anterior tip of the muscle bands; N, anterior tip of the notochord. Scale bars: 10 Am. (a, b) Dorsal b-line cells in the
presumptive nerve cord have fully sheared positions and are beginning to show mitotic activity (red). The presumptive otolith (Ot) and ocellus (Oc) cells
are also shearing their positions. (c, d) A10.57 (*) is displaced to one side of the row of 13 lateral cells, best seen in d. Cells A11.117and A11.118 (*) serve
as additional landmark cells. In the region of the presumptive sensory vesicle, cells a10.65, 10.73, 10.66, and 10.74 (red nuclei) are undergoing mitotic
activity, dividing so that their progeny align along the DV axis. Illustrated are a11.131 and a11.132, the daughter cells of a10.66, which align in a DV
orientation (red arrow). (e, f) Mitotic activity is absent in the ventral cells at this stage. Anteriorly, four post-mitotic landmark cells are visible (A/A10.27
and A/A10.28). Cells derived from A/A10.29 (A/A11.57 and A/A10.58) and A/A10.30 (A/A11.59 and A/A11.60) have yet to fully shear their positions (f).
Within the zone of neurulation shown enclosed by a box, unidentified cells derived from a/a8.19 and a/a8.20 remain paired across the midline.
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tube. Thus, at this stage, the orientation of cell divisions in
the lateral rows of cells contributes to the morphogenesis
of the neural tube.
Ventral cells
The posterior-most ventral cells, daughters of A/A10.29,
remain paired bilaterally across the midline until later in
development (Fig. 7f). Anterior to the progeny of this pair,
the ventral cells are derived from the midline of the neural
plate (A/A9.13: Nicol and Meinertzhagen, 1988b). These
midline cells shear their positions, well before the cells that
arise from the lateral cells of the row behind (A/A9.15),
and this results in a single row of ventral cells separated by
cell pairs that have not yet merged into a single file (see
Fig. 7f). According to Nicol and Meinertzhagen (1988b),
the process of midline shearing seen in their single-embryo
series was lateralized, the left-hand cell altering its position
in a predictable direction with respect to that of its right-
hand partner. With the examination of many embryos in the
present study, however, we now find that shearing is
variable with respect to the left/right origin of cells. From
E50 to E55, the posterior ventral cells derived from the left
and right A/A9.15 cell pair divide into the 11th generation.
This leaves a row of 12 cells lining the ventral floor of the
neural tube at this stage, identified here as follows: (A/A)
11.57, 11.58, 11.57, 11.58, A/A10.25, (A/A) 11.59, 11.60,
11.59, 11.60, A/A10.26, A/A10.27, and A/A10.28. Unlike
the lateral and dorsal populations, this mitotic activity isnot synchronous between different embryos of similar
stages. Anteriorly, the four 10th-generation cell progeny
derived from left and right A/A9.14 (A/A10.27 and A/A
10.28) shear their positions to form a single row of cells
that will line the posterior sensory vesicle. By the end of
stage E55, into early E60, the caudal ventral cells shear
their positions into a single file of 16 cells, the posterior-
most two cells being the last to adopt in-line positions.
Cells A/A10.27 and A/A10.28 are situated ventral to the
prospective posterior sensory vesicle and have ceased
mitotic activity, making them easy to identify and thereby
becoming landmark cells. Anterior to these, cells derived
from a/a8.19 and a/a8.20 (Nicol and Meinertzhagen, 1988b)
remain paired across the midline in the prospective sensory
vesicle (Fig. 7f).
E60–E65 (Fig. 8)
Dorsal cells
Within the prospective sensory vesicle by E60, the
anterior dorsal a-line cells are arranged in a file of two
single cells (a/a10.98) that continues in an anterior direction
as two additional pairs of cells (a/a10.99 and a/a10.100), all
derived from a/a8.25 (Fig. 8b). Two pairs of cells derived
from a/a8.26 are located high in the opening of the neuro-
pore, the lateral-most of which (a/a10.102) appears to be
post-mitotic.
The last of the caudal dorsal cells also divides, bringing
the entire b-line population into its 11th generation (Fig. 8a).
Fig. 8. Reconstructions of CNS nuclear positions in embryos at stage 60, generated and presented as in Fig. 7. (a, b) The posterior six b-line dorsal cells
have divided into their 11th generation, with b10.75 having just completed this division (nd) into b11.149 and b11.150. The remaining two 10th-generation
cells (*) begin to show chromatin condensation. The presumptive pigment cells and their siblings have sheared their positions, with the presumptive ocellus
(Oc) now posterior to the presumptive otolith (Ot). Proceeding posteriorly, the next four pairs, a/a10.99 and a/a10.100, derived from a/a8.25 do not shear
their positions, but remain side-by-side (a). (c) The posterior five lateral cells have divided into their 12th generation, A12.251–A12.256 and A12.229–
A12.232, dividing so that their progeny align along the AP axis; cells A11.61–A11.64 have also divided (A12.121–A12.128), with A11.61 having just
completed this division to yield two daughters (A12.121, A12.122 linked). Only A11.118, A11.119, and A11.62 remain in their 11th generation; A11.118 is
undergoing chromatin condensation (red). In the region of the presumptive sensory vesicle, cells a10.65, a10.66 and a10.73, a10.74 have all divided, with
their progeny (linked by lines) aligned along the DV axis. Cells a10.67 and a10.68 (*) are post-mitotic landmark cells, along with A10.57, A11.117, and
A11.118 (*). Cell a10.68 is displaced dorsally relative to the rest of the lateral cells. Anterior to these, unidentified a-line cells divide along the DV axis (in
red). (d, e) All ventral cells have sheared their positions and are arranged in a single row of 16 cells. A/A10.27 and A/A10.28 (A/A10.27,28) begin to show
a post-mitotic staining pattern, and serve as landmarks for the anterior boundary of these caudal cells. Anterior to these four cells, the ventral cells remain
paired bilaterally (e). The first two anterior pairs on the right side are seen in d dividing with their progeny aligned along the DV axis (*). Their
counterparts to the left of the midline will divide in a similar fashion soon afterwards.
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By E60 more 11th-generation lateral cells derived from
a/a8.18 (Nicol and Meinertzhagen, 1988b) are added in an
anterior direction through the neuropore. Cells a10.67 and
a10.68 are post-mitotic at this stage and serve as landmark
cells within the prospective sensory vesicle. Anterior to
these two, cells derived from a9.35 divide, with their
mitotic spindles oriented along the DV axis (Fig. 8c), giving
rise to DV daughter cell pairs anterior to landmark cells
a10.67 and 10.68, which are continued in an anterior
direction by a single row of cells. In the region of the
developing sensory vesicle surrounding the pigment cells,
the lateral walls are still composed of four DV pairs of cells.
Caudally, cells A11.119 and 11.120 and A11.61–11.64
complete their 11th division, leaving a row of eight 12th-
generation cells (A12.251–12.256 and A12.129–12.130)
posterior to landmark cell A10.57, and fourteen 12th-
generation cells (A12.131, A12.132, A12.135–12.138,
and A12.121–12.128) within the prospective visceral gan-
glion leading into the sensory vesicle (Fig. 8c). Cells
A11.117 and 11.118 do not divide into the 12th generation,
however, and join A10.57 as post-mitotic landmark cells.
Ventral cells
The caudal ventral cells remain aligned in a single row of
16 cells (Fig. 8d), and the four anterior-most of these (post-
mitotic cells A/A10.27 and A/A10.28) extend into the
prospective sensory vesicle (Fig. 8e). Some of the anteriorpaired cells (derived from a/a8.19 and a/a8.20) divide with
their mitotic spindles oriented along the DV axis, with the
result that one daughter cell becomes located within the
cavity of the prospective sensory vesicle and the other lies
on the exterior (Fig. 8d). An additional two rows of paired
cells have joined the floor of the neurohypophysis before the
closing of the neuropore, resulting in a total of six pairs of
cells (Fig. 8e), which are presumably in their 11th generation
(Nicol and Meinertzhagen, 1988b).
E65–E70 (Fig. 9)
At this stage, the neuropore is now closed, signifying the
end of neurulation.
Dorsal cells
By stage E65, mitotic activity is evident in the anterior
dorsal a-line cells within the prospective sensory vesicle
(Figs. 9a, b). The first bilateral pair (a/a10.99) divides with
its daughter cells aligned along the AP axis (Fig. 9b), so
that anterior to the pigment cells there are now, in
sequence, two unpaired cells (a/a10.98) followed by four
cell pairs. The most anterior of these pairs (a/a10.101) is
separated from the original two pairs by rows of single
lateral cells extending in an anterior direction from the
prospective sensory vesicle (Fig. 9b). The most anterior
pair of the post-mitotic dorsal cells (a/a 10.102) remains
outside this lateral row of cells (Fig. 9b). The 11th-
Fig. 9. Reconstructions of CNS nuclear positions in embryos at the late E65 stage, generated and presented as in Figs. 7 and 8. (a, b) All b-line cells have
divided into the 11th generation, yielding a row of 16 cells (yellow). The first set of left – right pairs has divided to yield progeny distributed along the AP axis
(red arrow in b). The anterior-most dorsal pair, likely cells a/a10.102, have shifted in a posterior direction (** in b), they are post-mitotic and sit to one side of
the lateral rows of cells, indicating the approximate boundary between the presumptive sensory vesicle and neurohypophysis. The posterior neighbors of these
cells, a/a10.101 (*), also sit to one side of the lateral rows of cells. Cells a/a10.99 divide along the anterior posterior axis into cells a11.197 and a11.198 on the
left and a11:197 and a11:198 on the right. (c) Lateral cells of the caudal nerve cord begin to show mitotic activity; A12.256 has just divided to produce cells
A13.511 and A13.512. The cell posterior to it, A12.255, is about to divide. In an anterior direction, A12.128 has just completed division into the 13th
generation with its progeny aligned along the DV axis (linked). In the region of the presumptive sensory vesicle, the dorsal progeny of a10.65, a10.66 and
a10.73, a10.74 have divided into the 12th generation, giving rise to cells a12.259, a12.260, a12.263, a12.264, a12.291, and a12.292. Cell a11.148 is in the
process of dividing (red). Although nuclei of some cells undergo chromatin condensation (red), it is no longer possible to identify individually all cells and
progeny of such divisions in the region of the anterior presumptive sensory vesicle and neurohypophysis (*). Post-mitotic landmark cells (*), A10.57, A11.117
(L7), and A11.118 (L8) are visible in the caudal regions of the presumptive CNS, as are a10.67 and 10.68 within the sensory vesicle. Bilateral symmetry of the
two lateral cell groups is especially apparent in the tail (d). (e, f) The caudal ventral cells are undergoing division. Cells yet to divide into their 12th generation
are indicated (*). Anterior to these, landmark cells A/A10.27 and A/A10.28 shift ventrally with respect to the anterior bilaterally paired cells.
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this stage.
Lateral cells
Lateral cells start to re-enter the mitotic cycle, with
caudal cells A12.255, 12.256, 12.229, 12.230, 12.127, and
12.128 being the first left-hand cells to divide into the 13th
generation. As before, in the caudal region, progeny are
oriented along the AP axis (Figs. 9c, d) further serving to
elongate the neural tube, whereas progeny of cells
A12.127 and 12.128 redirect their cleavage planes so that
their progeny are aligned along the DV axis, contributing
to the dorsoventral expansion of the prospective sensory
vesicle (Fig. 9c). This division is followed shortly there-
after by similar divisions in cells A12.125 and 12.126 to
yield progeny, all of which are incorporated into the
prospective posterior sensory vesicle. Within the sensory
vesicle, cells a11.130, 11.132, 11.146, and 11.148 (dorsal
progeny of cells a10.65, 10.66, 10.73, and 10.74) divide,
with their progeny aligned along the DV axis (Fig. 9d),
followed a short time later by their ventral counterparts
(Fig. 10c).Ventral cells
Mitotic activity resumes in the 12 caudal ventral cells at
stage E65 when cells divide along the AP axis, contributing
to the elongation of the caudal neural tube (Fig. 9e). In the
prospective sensory vesicle, anterior to cells A/A10.27 and
10.28, there are two rows of four cells which have resulted
from the DV-aligned divisions, followed by six pairs of cells
lining the ventral surface and extending into the prospective
neurohypophysis (Fig. 9f). This configuration is retained
(Fig. 10f) until the next round of cell divisions.
E70–E75 (Fig. 10)
Dorsal cells
There are no further changes in the dorsal cells until stage
E70 when the otolith begins to show signs of pigmentation.
The timing of pigmentation is consistent with previous
reports by Nishida and Satoh (1989), confirming the timing
sequence in the embryo batches studied here. The two
lateral post-mitotic cells, a/a 10.102 (Figs. 10a, b), mark
the anterior border between the now expanded prospective
sensory vesicle and its more anterior extension, the pro-
Fig. 10. Reconstructions of the positions of CNS nuclei in embryos at stage E70, generated and presented as in Fig. 7. (a, b) The first cell pair (b/b11.146) to
divide into the 12th generation is indicated (12). The otolith (Ot) has begun to differentiate and sink into the cavity of the presumptive sensory vesicle. The two
post-mitotic cells, a/a10.102, are still visible occupying what is now a satellite position to the neural tube (*). (c, d) In the region of the presumptive visceral
ganglion, A12.121 has just completed division into the 13th generation, as have A12.128 and A12.125 (double arrowheads). The latter two cells alter their
cleavage planes, however, and divide so that their progeny are aligned along the DV axis (X ). All other cells in this region are still in their 12th generation.
Divisions occur along the DVaxis in the ventral 11th-generation progeny of a-line cells (*). Landmark cells in the presumptive visceral ganglion, A10.57 (A*),
A11.117 (L7) and A11.118 (L8), are still distinguishable, with A11.118 lying to one side of the lateral row of cells, contributing to the lateral expansion of the
presumptive visceral ganglion, especially apparent here on the right side (* in d). (e, f) Progeny of the anterior-most cells of the A/A10.26 cell pair have shifted
within the presumptive sensory vesicle, from which the neurohypophysis begins to protrude. The landmark cells A/A10.27 and A/A10.28 (*) continue to shift
ventrally with respect the anterior cells.
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11th-generation b-line cells re-enter the mitotic cycle, con-
tinuing to divide through to stage E75.
Lateral cells
The post-mitotic cell A11.118 shifts its position laterally,
joining the landmark cell A10.57 ventrolaterally and con-
tributing to the widening of the prospective visceral gangli-
on anterior to the muscle bands (Figs. 10c, d). With the
division of cells A11.126, 11.127, and 11.116, all 20 caudal
lateral cells posterior to A10.57, derived from A9.32 and
A10.58, are in their 13th generation. Within the prospective
visceral ganglion, the remaining cells derived from A11.119
begin to divide into the 13th generation, although the timing
of these divisions varies between individuals. Cell A12.239
ceases mitotic activity at this stage, becoming an additional
landmark cell.
Ventral cells
By E70, all 12 caudal cells have completed cell division,
giving rise to 24 cells lining the ventral surface of the neural
tube (Fig. 10e). This is the final division recorded for these
cells, so that all the ventral cells of the prospective caudal
nerve cord and visceral ganglion are 11th- and 12th-gener-
ation cells. Cells A/A10.27 and A/A10.28 shift in both a
ventral and anterior direction, so that they become situatedventral to the more anterior paired ventral cells, derived
from a/a8.19 (Fig. 10e).
E75–E85 (Fig. 11)
Dorsal cells
As melanin accumulates in the otolith cell, the prospec-
tive sensory vesicle begins to protrude to the right (Fig.
11b). By E75, the otolith sinks into the sensory vesicle, with
its nucleus still visible in the dorsal part of the cell. The
swelling of the prospective sensory vesicle to the right
results in an apparent shifting of both pigment cells to the
right of the midline. The four anterior-most ectodermal cells
(b/b11.151 and b/b11.152) have not divided, whereas their
sibling cells b/b11.149 and b/b11.150 have, forming cells b/
b12.297–b/b12.300. The more posterior cells have already
completed this division, forming cells b/b12.289–b/b12.296
(Fig. 11a).
Lateral cells
The cells in the prospective sensory vesicle enter their
next round of mitotic activity. The original DV-aligned pairs
of cells become widely separated from the two rows of
lateral cells, the four-by-four cell arrangement set up by the
previous division into the 12th generation is no longer
discernible at this stage, and there is an increased density
Fig. 11. Reconstructions of the positions of CNS nuclei in embryos at stage E75, generated and presented as for Fig. 7. Note the considerable elongation of
the presumptive caudal nerve cord that has occurred since E70. (a, b) The otolith (Ot) is now well within the cavity of the presumptive sensory vesicle. The
anterior-most b-line cells (b/b11.151 and b/b11.152) remain mitotically inactive, whereas the more posterior b-line cells in the presumptive nerve cord
continue to divide into their 12th generation, with their progeny aligned along the AP axis. The posterior-most 12th-generation progeny of b/b10.73–10.75
are labeled, with those cells still remaining in their 11th generation indicated (*). The outer post-mitotic landmark cells a/a10.102 (*) are visible in b. (c, d)
Few changes in the caudal lateral cells have occurred (A13.501–13.512 and A13.457–13.460), only the most posterior of the four progeny from the
original 11th- generation cells have been labeled. The cells of the presumptive visceral ganglion have also completed division into their 13th generation and
are aligned in a row joining the presumptive visceral ganglion to the presumptive sensory vesicle. In the latter, cell divisions to the 13th generation are
signified among nuclei undergoing chromatin condensation (red/blue nuclei), but the progeny of these have not been traced. (e, f) No changes have
occurred caudally in the ventral cells. Within the presumptive sensory vesicle, there is a marked increase in the number of ventral cells, but their close
proximity precludes any of these cells from being identified individually. A-line cells A/A11.51 and A/A11.52 become incorporated within these cells so
that only A/A11.51 can be identified in this individual.
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cells in the prospective sensory vesicle becomes increasing-
ly difficult and it has not yet been possible to record
cleavage planes for the divisions, although a few of the
cells in this region undergo chromatin condensation entering
their 13th generation (Fig. 11d). Although anterior cells are
no longer identifiable between animals, bilateral symmetry
in overall cell number is still apparent, supporting the idea
that there is still regulated production of cells by coordinated
divisions.
Some of the cells derived from A11.119 within the
prospective visceral ganglion continue to divide into the
13th generation, and there are no significant changes in the
caudal lateral cells.
Ventral cells
Approximately 30 a-line cells are identified as belonging
to the ventral population in the prospective sensory vesicle,
with significant evidence of mitotic activity occurring dur-
ing this period. A total of 12 new cells are added during this
stage, but it is not possible to establish the direction of the
cleavage planes by which they arose. By stage E75, the final
positions of the four post-mitotic cells (A/A10.27 and 10.28)
are apparent. These cells have now reversed their sheared
positions and come to sit ventrolaterally as two AP-aligned
pairs that form the ventral surface of the developing sensoryvesicle. As development progresses, it becomes increasingly
difficult to identify these cells reliably. There are no further
changes in the caudal cell populations, although cells A/A
11.51 and 11.52 also shift in an anterior direction into the
developing posterior sensory vesicle (Fig. 11e). This shift
makes it impossible to follow these cells into the hatched
larva because we can no longer identify individually any
ventral cells of the prospective sensory vesicle.
E85–E95 (Fig. 12)
Dorsal cells
By E85, the last of the b-line cells (b/b11.151 and b/b
11.152) complete their divisions into the 12th generation,
although this region shows a great deal of variation, both
temporal and spatial, between individuals. There is a
marked difference in the spacing of the nuclei between the
caudal cells and those that form the dorsal surface of the
prospective visceral ganglion (Fig. 12a). Progeny of b/b
10.73 and the posterior-most progeny of b/b10.74 are spaced
35 Am apart and cover the entire region of the developing
caudal neural tube, with the anterior-most progeny of b/b
10.74 reaching the anterior tip of the muscle bands. Progeny
of cells b/b10.75 form the dorsal surface of the prospective
visceral ganglion, whereas progeny of b/b10.76 incorporate
into the posterior portion of the prospective sensory vesicle
Fig. 12. Reconstruction of the positions of CNS nuclei in a stage E85 embryo, generated and presented as in Fig. 7. Note the steady elongation of the
presumptive caudal nerve cord. (a, b) The otolith (Ot) is now situated ventrally in the right side of the cavity of the presumptive sensory vesicle. White lines
indicate the boundary between progeny of the original b-line bilateral cell pairs. The progeny and anterior boundary of the anterior-most two of the b-line
cells (b/b10.76) are not discernible, however. Both pigment cells (Ot, Oc) are visibly shifted to the right of the midline (midline). It is no longer possible to
identify each of the anterior a-line dorsal cells. (c, d) All cells of the developing caudal nerve cord have now divided into their 14th generation, giving rise to
a row of 32 cells. The posterior-most 14th-generation progeny of cells A11.126–128 and A11.115 are labeled in the caudal region of the nerve cord. Three
post-mitotic cells (*) lie ventral to the lateral row of cells. These cells are, in sequence from left to right in the figure: A12.239, A11.118, and A10.57. The
other two cells that are also post-mitotic cells, A11.117 (L7) and A13.474 (L474), remain within the row of lateral cells. Three cells in the prospective
visceral ganglion, A12.240 and A12.121, 12.122, are still in their 12th generation (labeled 12.). A12.122 is actively dividing on the left side, with the
division already completed on the right (arrows in d). In the region of the presumptive sensory vesicle, it is no longer possible to identify the boundary
between the progeny of a10.65, 10.66 and a10.73, 10.74 and the landmark cells A10.67, 10.68. (e, f) All caudal ventral cells have ceased mitotic activity and
now show different spacing patterns in the caudal nerve cord, where they are spaced at a distance, and the presumptive visceral ganglion, where they are
clustered. A/A11.51 and A/A11.52 have all shifted ventrally within the presumptive sensory vesicle and are no longer distinguishable as individuals at this
stage. The anterior-most progeny of A/A10.30 (arrowheads) are within the posterior presumptive sensory vesicle.
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mentation at this stage.
Lateral cells
All lateral cells forming the prospective caudal nerve
cord pass into their 14th generation, giving rise to 32 cells:
A14.1001–A14.1024 and A14.913–A14.920 (Fig. 12c).
The more anterior four cells derived from A11.116 remain
in their 13th generation (A13.461–13.464), as do the more
anterior cells of the developing visceral ganglion (Fig. 12c).
Progeny from A10.31 (A13.241–13.244) are incorporated
into the prospective posterior sensory vesicle. The anterior
cell from the division of A12.237 (A13.474) ceases mitotic
activity, and shifts laterally becoming the last landmark
cell. This brings the total number of ventrolateral cells on
each side to five, these retaining bilaterally symmetrical
positions despite some variation in positioning both within
(Fig. 12d) and between individuals. The last cell of the
prospective visceral ganglion to complete its 13th division
is A12.240, which divides with its progeny aligned along
the AP axis. It is unclear which of the cells pass into the
13th generation in the region of the prospective sensoryvesicle, although from their number it is clear that some
have. This is the end of mitotic activity for lateral cells in
the neural tube.
Ventral cells
Through stages E80–E95, there is a further round of cell
division in the ventral cells of the developing sensory
vesicle. Cells A12.119 and A12.120 (progeny of the ante-
rior-most daughter cell of A/A10.30) have shifted in an
anterior direction into the prospective posterior sensory
vesicle (Fig. 12e) as did cells A/A 11.51 and A/A 11.52
(progeny of A/A10.26) before them. There are no further
changes in the more posterior regions. By hatching, there
are 15 cells lining the floor of the caudal nerve cord, and
three within the prospective visceral ganglion. Cells anterior
to these are not readily identifiable individually (Fig. 12f).
E95—hatching (Fig. 13)
Dorsal cells
By E95, the otolith is well differentiated and the pigment
granules are in the process of condensing into the dense ball
A.G. Cole, I.A. Meinertzhagen / Developmental Biology 271 (2004) 239–262256shape found in the larva. No further cell divisions are
recorded in this population, the increasing pigmentation of
the ocellus and morphological changes of the otolith being
the only subsequent events in the morphogenesis of the
hatchling larval sensory vesicle (compare Figs. 12a and
13a).
Lateral cells
In the late developing visceral ganglion, many post-
mitotic cells shift their positions in a lateral direction.
These morphogenetic movements show some variation
between individual embryos. As a result of their shifting,
the cells no longer occupy positions that are strictly
bilaterally symmetrical, although cell divisions do not vary
between left–right partner cells and thus cell numbers are
still equal on both sides. Cell A10.57 is still the posterior-
most cell to sit outside the lateral row of cells, and is
located at the tip of the muscle bands in a ventrolateral
location (Fig. 13c). This cell’s position is constant on both
left and right sides, and is also consistent between embry-
os. The cell anterior to it, A11.118, shifts in a posterior
direction (Fig. 13c) and shows some positional variation,
both on left and right sides within the same individual and
between individual embryos. Both cell A10.57 and cell
A11.118 send neurite-like processes in a posterior direction
(Fig. 14), suggesting that these cells are neurons. SimilarFig. 13. Reconstruction of the positions of CNS nuclei in a pre-hatchling larva, g
longer individually identifiable, although a few cells are identified as being dorsal.
sensory vesicle. The sensory vesicle including the ocellus (Oc) and otolith (Ot) bu
most 14th-generation progeny are labeled in the caudal nerve cord. Progeny of A
mitotic neurons have all shifted their positions to ventral locations in the visceral ga
(A12.239); and L474 (A13.474). The last recorded division of cells within the vi
(nd). Two cells of the posterior sensory vesicle, A13.245 and A13.246 (a), have sh
longer readily apparent. (e, f) Different spacing patterns of the ventral nuclei are stil
indicate the posterior-most of A/A12.119 and A/A12.120 within the posterior senneurite-like processes are emitted from other post-mitotic
migrating cells, A11.117, 12.239, and 13.474. Cells A/A
11.117 have also shifted in a lateral direction by this late
stage of embryonic development.
Throughout development thus far, landmark cells A/A
11.117 and A/A11.118 have remained in close associa-
tion, with A/A 11.118 rotating in a posterior direction
around A/A11.117, although A/A11.117 keeps its position
within the lateral row of cells. Although their relative
positions show some asymmetry, these bilateral pairs can
be readily identified in all embryos examined. Cells A/A
11.117 and A/A12.239 sit in close proximity to each
other anterior to A/A11.118. Cells A/A13.473 and A/A
13.475 often sit higher in the row, dorsal to A/A11.117
and A/A 11.118. Cell A/A 13.474, which originally sat
between cells A/A13.473 and A/A13.475, shifts positions
in a ventral and anterior direction, joining the other four
post-mitotic presumptive neurons. The anterior-most bi-
lateral pair of ventrolateral cells (A/A13.474) have much
smaller nuclei than the other four cells. Shifts in the
positions of the DV-aligned pairs of cells derived from A/
A12.125 to 12.128 make it difficult to identify these cells
reliably between individuals at this late stage. Axon-like
processes also extend from the left side of the sensory
vesicle projecting into the caudal nerve cord (data not
shown).enerated and presented as in Fig. 7. (a, b) The anterior dorsal cells are no
The neurohypophysis (NH) now protrudes clearly from the anterior tip of the
lges out from the right side of the midline (midline, b). (c, d) The posterior-
11.116 are still only in their 12th generation, with four progeny. Five post-
nglion, labeled as follows: A* (A10.57); L8 (A11.118); L7 (A11.117); L239
sceral ganglion is A12.240, which has just divided into its 13th generation
ifted ventrally. The dorsoventral pairing of cells derived from A10.32 is no
l apparent between the caudal nerve cord and visceral ganglion. Arrowheads
sory vesicle.
Fig. 14. Cytoplasmic staining of BOBO-3 reveals neurites of labeled cells
visible in confocal image stacks. Cell outlines have been traced with dotted
line. (a) Neurites from neurons in the left ventral region of the posterior
sensory vesicle (SV). (b) Neurites from the presumed motor neurons
A10.57 (A57) and A11.118 (L8) in the visceral ganglion (VG) extend
caudally along the dorsal surface of the muscle bands (M).
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By hatching, there are still 15 cells lining the floor of the
caudal nerve cord, and three within the developing visceral
ganglion (Fig. 13e). Cells anterior to these are not readily
identifiable as individuals (Fig. 13f).Discussion
How reasonable is it to anticipate that cell lineage is
wholly determinate? One line of reasoning comes from the
product of lineage, the total cell number of the larval CNS.
Although minor numerical variations in this number have
been reported from counts in four larval siblings (Nicol and
Meinertzhagen, 1991), it seems likely that there is numer-
ical determinacy in most if not all the cells of the larval
CNS. In other words, the present study aims to establish
the lineage of all cells in a population that is apparently
fixed in number, and also therefore probably fixed in
composition. On the other hand, it is hard to explain the
odd numbers of cells reported by Nicol and Meinertzhagen
(1991) from a lineage that is both a constructive mitotic
progression lacking cell death, and that is bilaterally
symmetrical.
There are about 331 cells in total within the larval CNS
with a further 40 or so in the neurohypophysis of C.
intestinalis (Nicol and Meinertzhagen, 1991). We confirm
the general validity of this number from counts of nuclei in
our reconstructions, insofar as many total cell counts of the
CNS and neurohypophysis from pre-hatchling larvae are
between 350 and 370. There is however a wide variation
in the number within the neurohypophysis, the cells of
which remain mitotically active and, because we are not
able to identify the exact boundary between neurohypoph-ysis and sensory vesicle, we cannot identify the definitive
number in the latter. These cell totals are from many
embryos obtained independently of those examined by
Nicol and Meinertzhagen (1991), suggesting that CNS cell
number in healthy larvae, at least those from Woods Hole,
is conserved. The total numbers of cells in each region
differ somewhat from those given by Nicol and Meinertz-
hagen (1991), especially for the caudal nerve cord. We
should however emphasize that the subtotals for each of
the three regions of the CNS depend upon the exact
placement of the boundaries between them. These bound-
aries are more difficult to place in reconstructed confocal
image stacks of labeled nuclei than they are in reconstruc-
tions based on serial semi-thin sections because confocal
images contain little background information about the
surrounding tissue. Nicol and Meinertzhagen (1991) report,
for example, the existence of a neck region between the
sensory vesicle and visceral ganglion, which from our
reconstructions we are still able to identify only tentatively
(see below).
Of these totals, we account for the later stages of the
mitotic lineage of 226 cells. The remaining cells are located
within the ventral sensory vesicle, and although a few
details concerning their mitotic activity are presented here,
the origin and ultimate positions of these cells within the
larval CNS still remain unknown. Nevertheless, we present
the final lineage details for a substantial proportion of the
CNS.
The cell lineage of neural tube progeny
We provide a summary for the cell lineage of neural tube
progeny of b-, A-, and a-line blastomeres. A total of 95 cells
constitute the caudal nerve cord, including 16 dorsal, 64
lateral (both left and right), and 15 ventral cells. The visceral
ganglion is composed of 47 cells, which include 8 dorsal, 36
lateral (including both left and right), and 3 ventral; whereas
at least 184 cells are within the sensory vesicle and
neurohypophysis. Together, these total 326 cells. Within
the densely populated presumptive sensory vesicle, we
document the cell lineage for 22 dorsal cells, including
the two pigment cells, 54 (left and right) lateral, and 8 ventral
cells, or only 84 of the 120 cells which we could be certain
come to occupy the sensory vesicle. Thus, we document the
lineage for only 226 of the 326 cells. For the remainder,
because we could not readily identify as individuals cells in
later stages within the developing sensory vesicle, we
cannot comment further on their lineages. The territories
of each lineage are illustrated schematically for the larval
CNS (Fig. 15).
The lineage we present is based on the analysis of
consecutive cell maps. To be sure that each cell map
accurately transforms into the next one requires that we
be able to locate carefully each mitotic event and its
progeny. It also rests on the clear demonstration that there
are no losses through cell migration or death. The possi-
Fig. 15. The lineage territories of the larval CNS. The caudal nerve cord has been shortened relative to the visceral ganglion and sensory vesicle. The caudal
nerve cord derives from cells b/b9.37 (dorsal), A/A9.32 and A/A9.29 (lateral), and A/A10.29 and A/A10.25 (ventral). The visceral ganglion derives from b/b9.38
(dorsal), A/A9.29, A/A9.30 and A/A10.31 (lateral), and A/A10.30 (ventral). The posterior sensory vesicle derives from b/b9.38 (dorsal), A/A10.32 (lateral), and
A/A10.26 (ventral neurocoel within posterior sensory vesicle). The remaining sensory vesicle and neurohypophysis derives from a-line blastomeres, with the
exception of four ventral cells derived from A/A9.14.
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lineage from cell maps can be excluded as follows. First,
we are able to recognize mitotic figures and, except where
noted in the ventral sensory vesicle, to locate the progeny
of all divisions, so that we can account for all cells in each
consecutive map from the number of cells inherited from
the previous map and the number and location of those
progeny. Thus, we would have to assume that in order for
a cell to migrate into or out of the region of study, a
complementary cell would have to migrate out of or into
the same region during the same developmental period.
The probability of this we regard as vanishingly small.
Alternatively, we might suppose that the borders of the
neural tube are insufficiently well defined, so that there
might be uncertainty as to whether cells could lie within or
outside its profile. This possibility, too, we can eliminate
by the advanced reconstruction methods used, which allow
the boundary of the neural tube to be imaged at all stages.
This issue is significant insofar as cell migration has been
reported in developing H. roretzi for progeny of a/a8.26,
a/a 8.18, and a/a 8.20, from the anterior rows of neural
plate cells, which migrate rostrally to assume non-neural
fates as dorsal epidermis and in the palps (Nishida, 1987).
In our analysis of late neuroembryogenesis in C. intesti-
nalis, we see no evidence for migration of any A-line cells,
although our inability to trace many of the cells of the
anterior sensory vesicle means that we are unable to
exclude the possibility of such migration for the a-line
cells. Moreover, our analysis is based on the analysis of
many embryos at each developmental stage, unlike a
previous study of earlier developmental stages (Nicol and
Meinertzhagen, 1988b).
Our data and those of Chambon et al. (2002) clearly
indicate the lack of TUNEL labeling in the development of
the neural tube so that we can reliably exclude this possible
confound of lineage. TUNEL-positive cells are clearly
found later in the larva, as part of metamorphosis, but are
not integral to the mitotic lineage of the neural plate cells.
Thus, every neural plate cell born should be present at
hatching in the larval CNS, and the final cell complement of
the hatched larval CNS attained without apoptosis. Thisitself provides a remarkable instance of neural development:
not only are genetic components of the machinery for cell
death present in the Ciona genome (Terajima et al., 2003),
but cell death is also widely recorded in developing nervous
systems from many species (Sanders and Wride, 1995), not
least in vertebrates (Kuan et al., 2000). We do not address
the possibility that apoptosis may eliminate cells from the
larval CNS after hatching, even very soon thereafter.
Despite the lack of evidence during embryogenesis, cell
death is a major feature of the transformation from the
ascidian tadpole larva to the radically different body form of
the adult (Chambon et al., 2002). In these cases, cell death is
presumed to act via candidate cell death genes (Terajima et
al., 2003). Suppression of the apoptosis pathway during
ascidian embryogenesis can be interpreted as a possible
adaptation in the ascidian tadpole larva, as a rapidly devel-
oping, short-lived form of the life cycle, which exhibits no
growth, and in forms such as Ciona is also atrophic. These
features may have allowed ascidian larvae to canalize their
development and produce only the requisite cells that form
the functional larva. This hypothesis is consistent with work
on molgulid ascidians (Jeffery, 2002), which shows that
although apoptosis is initiated during embryogenesis, such
cells are not removed until after the onset of metamorphosis
(Jeffery, 2002). In the lineage, we report here for Ciona,
such pre-apoptotic cells would form part of the post-mitotic
cell population.
This difference between larval and adult development in
the utilization of apoptosis possibly reflects a decoupling of
developmental processes at different stages of the ascidian
life cycle, of the sort previously suggested for chordate
features in the larva and adult (Hinman and Degnan, 1999).
For example, although the dorsal tubular nerve cord and
notochord are features of the larval phase of the ascidian life
cycle, the gill slits and endostyle, also chordate features, are
lacking in the larva and appear only in the adult, after
metamorphosis. Such a decoupling is further supported by
the development of abnormal half-larvae, produced when
one blastomere is deleted in two-cell stage embryos, which
subsequently go on to metamorphose into functional adults
(Nakauchi and Takishita, 1983).
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Cell fates
Based upon the morphological descriptions of Nicol and
Meinertzhagen (1991), Stanley MacIsaac (1999), and Taka-
mura (1998a), in particular, many predictions can be made
about the fate of the cells followed here. Those of Takamura
(1998a) are based on immunoreactivity to antibody UA301,
which is reasoned to detect a neuronal epitope. These
predictions are, of course, speculations based simply upon
the location of the cells, and further data using appropriate
markers will be necessary to verify actual cell fates. Markers
based on the identification of a panel of genes specific to the
CNS (Mochizuki et al., 2003) provide a starting point for
this task, but the actual verification must await future studies
and will, moreover, require the adoption of double-labeling
methods to reveal expression data relative to our nuclear
maps.
Caudal nerve cord and visceral ganglion
The caudal nerve cord has been reported to contain
exclusively ependymal cells (Nicol and Meinertzhagen,
1991) so that the progeny of A/A10.64 and A/A11.126,
the b-line-derived dorsal cells: b/b10.73 through b/b10.75,
and the ventral cells A/A9.15 and A/A10.25, should all be
ependymal. Exceptions to this fate have been reported to
occur, however, in the form of four pairs of UA301-positive
cells in the proximal tail region of the nerve cord caudal to
the visceral ganglion (Takamura, 1998b). These cells are
probably progeny of A/A12.230 (derived from A/A10.58),
considered here to be part of the caudal nerve cord because
these are the anterior-most four pairs of lateral cells aligned
as four cells in cross section. If this interpretation is correct,
it would suggest that A/A10.58 has the potential to form
both ependymal cells and neurons, and that this pluripo-
tency was segregated into the daughter cells at the 11th
division into the 12th generation.
The dorsal and ventral ependymal cells extend anteriorly
from the caudal nerve cord into the visceral ganglion (Nicol
and Meinertzhagen, 1991; Stanley MacIsaac, 1999). Five
pairs of presumed ventrolateral motor neurons have been
identified in the visceral ganglion by anatomical criteria
(Meinertzhagen and Okamura, 2001; Stanley MacIsaac,
1999). We have identified five pairs of post-mitotic cells
that sit in a ventrolateral location within the prospective
visceral ganglion: A/A11.117 and A/A11.118 (progeny of A/
A10.59), and A/A12.239 and A/A13.474 (derived from A/A
10.60), and A/A10.57. Furthermore, we have shown that
these cells extend neurite-like processes in a posterior
direction, and that in one case the neurite runs over a nearby
muscle band (Fig. 14). Based on these criteria, we are
therefore confident that the same five pairs of cells corre-
spond to the motor neurons identified by Stanley MacIsaac
(1999). There are also other neurons in the visceral gangli-
on, but the lineage relations between ependymal cells and
neurons must await further clarification based on the cellmaps generated in the present study. It is interesting that in a
hatched larva the numbers of neurons and non-neuronal
cells in the visceral ganglion were unequally distributed
between left and right sides, and that neither was an even
number (Stanley MacIsaac, 1999), implying that the prog-
eny of at least one cell pair in this region may have different
fates on left and right sides. A slender neck region of six
cells lies between the visceral ganglion and the expanded
sensory vesicle (Nicol and Meinertzhagen, 1991). Although
we cannot see this region clearly in our confocal recon-
structions of nuclei from tailbud embryos, based on their
position in the hatched larva they probably correspond to
cells A/A13.241–A/A13.243 or A/A13.242–A/A 13.244
(derived from A/A 11.61, progeny of A/A 9.16). It is
significant that in tailbud embryos these cells first arise
posterior to the tip of the notochord, and that only in the
hatchling larva, when the neck region can first be identified
morphologically, is it seen to lie anterior to the tip of the
notochord, suggesting the shifting of the CNS in a rostral
direction relative to the notochord.
Sensory vesicle
In the sensory vesicle, some of the left lateral cells
derived from a9.33 and a9.37 likely form the 18 coronet
cells, presumed hydrostatic pressure receptor neurons
(Eakin and Kuda, 1971; Nicol and Meinertzhagen, 1991).
The corresponding dorsal progeny of the right lateral cells
a9:33 and a9:37 would then likewise form the fan of 18
photoreceptor cells associated with the ocellus (Nicol and
Meinertzhagen, 1991). It is interesting that, as in the
visceral ganglion, the respective counts of these anatomi-
cally identified cells in a single larva, 19 and 17, are not
equal (Nicol and Meinertzhagen, 1991), indicating minor
variations in the mitotic history of the two sides. The
populations of ventral neurons in the posterior sensory
vesicle likely derive from the initial pairs of ventral cells
(from a/a9.38 and a/a8.20), which originate anterior to the
single row of A-line ventral cells. Since the anterior end of
the neural canal communicates with the posterior sensory
vesicle, which is lined with ciliated ependymal cells (Katz,
1983; Mackie and Bone, 1976), it is conceivable that the
dorsal and ventral cells that derive from b/b10.76 and A/A
10.26, respectively, become ependymal cells lining the
canal.
Relating cell lineage to gene expression
Regionalization of the ascidian neural tube is based on
the same consecutive linear sequence of expressed ortho-
logues of developmental genes as occurs in mammalian
embryos. Thus, the expression patterns of ascidian Otx,
Pax-2/5/8, and Hox genes support a tripartite organization
of the neuraxis and demarcate, respectively, the sensory
vesicle, visceral ganglion, and caudal nerve cord (Imai et
al., 2002; Wada and Satoh, 2001; Wada et al., 1998).
Although the cell lineages within these expression territo-
ries still need to be examined in detail, it is already clear
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from the a-line blastomeres. Immediately posterior to the
region of Otx expression lie regions of Pax2/5/8, engrailed,
and FGF8/17/18 expression (Imai et al., 2002; Jiang and
Smith, 2002), which based on their position we tentatively
attribute to the progeny of cells A/A11.61–A/A11.64 (from
A/A9.16). Closer examination of such expression patterns
along the neuraxis with respect to cell lineages will
however be required to determine just how far posterior
this territory really is with respect to the A-line blasto-
meres, for which our cell lineage maps are a first and
necessary step.
The current cell maps can also be used to evaluate gene
expression data with reference to lineal relations among
neural plate progeny. A good example comes from an
interpretation of the lineal relations of cells within the neural
tube that have previously been reported to express the gene
product Cihox5 (Gionti et al., 1998).
Ascidian homologues of the vertebrate Hox 5/7 cluster
have been isolated from C. intestinalis (Gionti et al., 1998).
Expression patterns of the Hox 5/7 homologue, Cihox5, are
localized to the lateral cells of the anterior portion of the
caudal neural tube and extend into the posterior region of
the visceral ganglion. The posterior boundary of the vis-
ceral ganglion is poorly defined, however, so that it is
difficult to identify how far expression extends into the
caudal neural tube where, presumably, neurons are lacking
(Nicol and Meinertzhagen, 1991) or few (Takamura,
1998a). Early expression of this gene in the early tailbud
embryo appears to be confined to a position corresponding
to the anterior boundary of the muscle bands, and to expand
in the hatched larva to cover a greater portion of the neural
tube (Gionti et al., 1998). Our cell lineage data suggest that
this expansion in the expression pattern is not an artifact.
The compact signal seen in the early tailbud stage corre-
sponds to the cells that later give rise to the larger region
expressing Cihox5 in the larva. Our data suggest that the
cells in question are the progeny of A/A11.115, and that this
gene is restricted to their lineage. This conclusion will of
course require independent validation, but suggests that a
total of eight 14th-generation lateral cells on each side
express the gene. Contrary to the report by Gionti et al.
(1998), there are four pairs of neurons included in this
population, as identified by immunoreactivity to UA301,
located as bilaterally paired cells within the anterior caudal
nerve cord (Takamura, 1998a). Alternatively, the four pairs
of cells recognized by UA301 may not be neuronal. The
vertebrate homologue of Cihox5 is expressed at the bound-
ary between the spinal cord and hindbrain, leading Gionti et
al. (1998) to speculate that the expression territory in Ciona
may reflect a homologous boundary between the ascidian
caudal nerve cord and a more anterior region of the neural
tube, the visceral ganglion. That expression of this gene
appears to be restricted to progeny of a single bilateral cell
pair suggests that the boundary of expression is lineage
specified.Significance of cell lineage
The significance of cell lineage is twofold, in evolution
and in differential gene expression. Invariant patterns of
embryonic cleavage partition the cytoplasm of a fertilized
egg in predictable patterns. Early differential segregation of
maternal transcription factors plays an important role in the
regulation of subsequent zygotic transcription factors
(Cameron and Coffman, 1999), which are key elements
in differentiating cell types. During the evolution of
different larval forms among ascidian species, two major
avenues to differentiate the types and numbers of larval
cells could therefore have proceeded either by modifying
cell lineage between species or by redistribution of cyto-
plasmic maternal transcription factors that are partitioned
by the cell lineage. It is therefore interesting that Ciona
and Halocynthia, two ascidians quite remotely related in
phylogeny (Swalla et al., 2000), nevertheless seem to have
conserved patterns of embryonic cleavage (e.g. for the
neural plate: Nicol and Meinertzhagen, 1988b; Nishida,
1987). Thus, the evolutionary acquisition of different larval
forms may have proceeded by avenues other than cell
lineage.
Cell lineage also provides an essential framework within
which to assign the expression and action of developmental
genes. For example, the detailed cell lineage for C. elegans
has made it possible in that species to relate different
developmental genes to particular cells, and to address:
whether cell communication is necessary for gene expres-
sion; when different genes are first activated in develop-
ment; and how the time of onset relates either to the cell’s
mitotic ancestry or to changes in its developmental potential
(Bowerman, 1999; Emmons, 1999; Wood, 1999). Similar
studies in echinoderms contribute to knowledge concerning
the genetic basis for the different modes of development,
mosaic and regulative (Cameron and Coffman, 1999).
Facilitated by sequence data from the draft genome (Dehal
et al., 2002), the utility of C. intestinalis as a model system
is now well established (see Satoh et al., 1996, 2003). Based
on the cell lineage in the nervous system of larval C.
intestinalis, it may be possible to extend to this ascidian
species the single-cell analysis of molecular events that has
been so successful for C. elegans, with the important
dividend that what is uncovered in C. intestinalis will be
much more readily applied to development in vertebrate
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